Analysis of 81 genes from 64 plastid genomes resolves relationships in angiosperms and identifies genome-scale evolutionary patterns by Jansen, Robert K. et al.
University of Central Florida 
STARS 
Faculty Bibliography 2000s Faculty Bibliography 
1-1-2007 
Analysis of 81 genes from 64 plastid genomes resolves 
relationships in angiosperms and identifies genome-scale 
evolutionary patterns 
Robert K. Jansen 
Zhengqiu Cai 
Linda A. Raubeson 
Henry Daniell 
University of Central Florida 
Claude W. dePamphilis 
See next page for additional authors 
Find similar works at: https://stars.library.ucf.edu/facultybib2000 
University of Central Florida Libraries http://library.ucf.edu 
This Article is brought to you for free and open access by the Faculty Bibliography at STARS. It has been accepted for 
inclusion in Faculty Bibliography 2000s by an authorized administrator of STARS. For more information, please 
contact STARS@ucf.edu. 
Recommended Citation 
Jansen, Robert K.; Cai, Zhengqiu; Raubeson, Linda A.; Daniell, Henry; dePamphilis, Claude W.; Leebens-
Mack, James; Müller, Kai F.; Guisinger-Bellian, Mary; Haberle, Rosemarie C.; Hansen, Anne K.; Chumley, 
Timothy W.; Lee, Seung-Bum; Peery, Rhiannon; McNeal, Joel R.; Kuehl, Jennifer V.; and Boore, Jeffrey L., 
"Analysis of 81 genes from 64 plastid genomes resolves relationships in angiosperms and identifies 
genome-scale evolutionary patterns" (2007). Faculty Bibliography 2000s. 7263. 
https://stars.library.ucf.edu/facultybib2000/7263 
Authors 
Robert K. Jansen, Zhengqiu Cai, Linda A. Raubeson, Henry Daniell, Claude W. dePamphilis, James 
Leebens-Mack, Kai F. Müller, Mary Guisinger-Bellian, Rosemarie C. Haberle, Anne K. Hansen, Timothy W. 
Chumley, Seung-Bum Lee, Rhiannon Peery, Joel R. McNeal, Jennifer V. Kuehl, and Jeffrey L. Boore 
This article is available at STARS: https://stars.library.ucf.edu/facultybib2000/7263 
Analysis of 81 genes from 64 plastid genomes
resolves relationships in angiosperms and identifies
genome-scale evolutionary patterns
Robert K. Jansen†‡, Zhengqiu Cai†, Linda A. Raubeson§, Henry Daniell¶, Claude W. dePamphilis, James Leebens-Mack††,
Kai F. Mu¨ller‡‡, Mary Guisinger-Bellian†, Rosemarie C. Haberle†, Anne K. Hansen†, Timothy W. Chumley†,
Seung-Bum Lee¶, Rhiannon Peery§, Joel R. McNeal††, Jennifer V. Kuehl§§, and Jeffrey L. Boore§§¶¶
†Section of Integrative Biology and Institute of Cellular and Molecular Biology, University of Texas, Austin, TX 78712; §Department of Biological Sciences,
Central Washington University, Ellensburg, WA 98926; ¶Department of Molecular Biology and Microbiology, Biomolecular Science, University of Central
Florida, Orlando, FL 32816; Department of Biology and Institute of Molecular and Evolutionary Genetics, Huck Institutes of Life Sciences, Pennsylvania
State University, University Park, PA 16802; ††Department of Plant Biology, University of Georgia, Athens, GA 30602; §§Department of Energy Joint
Genome Institute and Lawrence Berkeley National Laboratory, Walnut Creek, CA 94598; and ‡‡Nees Institute for Biodiversity of Plants, University
of Bonn, 53115 Bonn, Germany
Communicated by Peter H. Raven, Missouri Botanical Garden, St. Louis, MO, September 25, 2007 (received for review July 6, 2007)
Angiosperms are the largest and most successful clade of land
plants with>250,000 species distributed in nearly every terrestrial
habitat. Many phylogenetic studies have been based on DNA
sequences of one to several genes, but, despite decades of inten-
sive efforts, relationships among early diverging lineages and
several of the major clades remain either incompletely resolved or
weakly supported. We performed phylogenetic analyses of 81
plastid genes in 64 sequenced genomes, including 13 new ge-
nomes, to estimate relationships among the major angiosperm
clades, and the resulting trees are used to examine the evolution
of gene and intron content. Phylogenetic trees from multiple
methods, including model-based approaches, provide strong sup-
port for the position of Amborella as the earliest diverging lineage
of flowering plants, followed by Nymphaeales and Austrobailey-
ales. The plastid genome trees also provide strong support for a
sister relationship between eudicots and monocots, and this group
is sister to a clade that includes Chloranthales and magnoliids.
Resolution of relationships among the major clades of angiosperms
provides the necessary framework for addressing numerous evo-
lutionary questions regarding the rapid diversification of angio-
sperms. Gene and intron content are highly conserved among the
early diverging angiosperms and basal eudicots, but 62 indepen-
dent gene and intron losses are limited to the more derived
monocot and eudicot clades. Moreover, a lineage-specific correla-
tion was detected between rates of nucleotide substitutions,
indels, and genomic rearrangements.
angiosperm evolution  molecular evolution
Angiosperms, the largest clade of land plants with 250,000species, experienced rapid radiation soon after their first
appearance in the fossil record (1). As a result, flowering plants
exhibit incredible diversity in habit, morphology, anatomy, physi-
ology, and reproductive biology. This variation has presented major
challenges to biologists interested in the origin and evolution of
these traits, and resolving these issues critically depends on having
a well resolved and strongly supported phylogenetic framework.
Over the past 20 years, numerous phylogenetic studies have used
both morphological and molecular data to assess relationships
among the major clades (reviewed in ref. 2), resulting in a widely
accepted classification of angiosperms with 45 orders and 457
families (3).
For nearly two decades, most phylogenetic analyses of angio-
sperms have relied on DNA sequences of one to several genes from
the plastid, mitochondrial, and nuclear genomes (reviewed in ref.
2). Despite these intensive efforts there are still uncertainties
regarding relationships among several major clades throughout
angiosperms, including the earliest diverging lineages. Recent stud-
ies support the placement of Amborella sister to all remaining
angiosperms, but support is often low. Amborella has also been
placed with waterlilies (Nymphaeales) in a clade sister to other
angiosperms (4–7). In many studies, resolution of relationships
amongAmborella, Nymphaeales, and the rest of angiosperms varies
with both the phylogenetic method and gene and taxon sampling
(e.g., refs. 4 and 6–8). For example, using eight markers from all
three genomes (6), plastid data support Amborella as the sole sister
group of the remaining angiosperms, whereas mitochondrial genes
support Amborella plus Nymphaeales as sister to other angio-
sperms. A more recent analysis of 17 plastid genes and the nuclear
gene phytochrome C (PHYC) found weak support for Amborella as
the basal-most angiosperm lineage followed by a strongly supported
clade including Nymphaeales and Hydatellaceae (9). Most phylo-
genetic trees (e.g., refs. 7, 10–11) show Austrobaileyales to be the
next-diverging lineage, whereas relationships among Ceratophyl-
laceae, magnoliids, Chloranthales, monocots, and eudicots are
typically weakly supported and fluctuate depending on the markers
and phylogenetic methods used.
Several recent phylogenetic studies have used 61 protein-coding
genes from completely sequenced plastid genomes (5, 12–16).
These genome-scale analyses have the potential to provide the data
necessary to resolve relationships among the major clades of
angiosperms; however, genome-scale phylogenetic studies can be
susceptible to long-branch artifacts (17, 18) when taxon sampling is
sparse (5, 19–22). To resolve relationships among the major clades
of angiosperms, we present phylogenetic analyses based on a greatly
expanded number of genes and taxa, using 81 genes from 64
sequenced plastid genomes, by far the most extensive data matrix
applied to this issue. In addition to providing a fully resolved and
strongly supported phylogenetic tree of the major clades, we use this
tree to examine the evolution of gene and intron content and
correlations between rates of insertions/deletions, nucleotide sub-
stitutions, and genomic rearrangements in plastid genomes.
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Results
Phylogenetic analyses were performed on a 64-taxon 81-gene
[supporting information (SI) Tables 1 and 2] data matrix with
76,583 aligned nucleotide positions, using maximum parsimony
(MP), maximum likelihood (ML), and Bayesian inference (BI)
methods. The MP analysis resulted in a single most parsimonious
tree with a length of 165,426 steps, a consistency index (CI) of 0.357
(excluding uninformative characters), and a retention index (RI) of
0.593. All four ML analyses produced topologically identical trees
(lnL of 888368.804). BI analyses, using a single model for all genes
(GTRG I) and a partitioned analysis employing five different
models (SI Table 2), generated identical tree topologies with very
similar posterior probabilities (PP) at each node. Each analysis
resulted in one fully resolved tree (Fig. 1). Overall, support for
monophyly of most clades was strong by all methods with BI and
ML support generally higher than MP. Forty-eight of the 61 nodes
had95% bootstrap (BS) or0.95 PP support values in trees using
all three phylogenetic methods, and 10 additional nodes had95%
BS or 0.95 PP support values for two of three analyses.
All tree topologies based on nucleotide substitutions were iden-
tical with the exception that the MP tree differed from the ML and
Fig. 1. ML tree of 64 taxa based on 81 plastid gene sequences. The tree has alnL of 886368.804.118. Support values for ML, MP, and BI are provided at the nodes.
Where ML and MP numbers50% are identical, only one number is provided. Names for major clades follow angiosperm phylogeny group II classification (3).
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BI trees in the placement of Chloranthus (Fig. 2 j–k). There was
very strong support (100% BS, 0.99 PP) for the position of
Amborella as the sole sister to the remaining angiosperms. The next
diverging clade was Nymphaeales (Nuphar and Nymphaea) fol-
lowed by Austrobaileyales (Illicium). In the ML and BI trees,
Chloranthales (Chloranthus) were sister to a clade with four mag-
noliid orders, and this entire group was sister to a large clade that
included both eudicots and monocots. Support for the sister
relationship of Chloranthales and magnoliids was moderate (77%
BS) or strong (1.0 PP) in ML or BI trees, respectively. In contrast,
with MP Chloranthales were weakly supported (55% BS) as sister
to a large clade of magnoliids, eudicots, and monocots.
MP analyses of a data matrix that included 1,268 indels, 226 of
which were phylogenetically informative, yielded 75 MP trees of
1,305 steps (CI 0.825, RI 0.942). The strict consensus tree (data
not shown) was congruent with but much less resolved than the MP
tree based on nucleotides. The indels alone provided 50% BS
support for the monophyly and relationships of 25 clades, and they
increased the Bremer support values for 39 nodes (SI Fig. 4).
We used the approximately unbiased (AU) test to evaluate
alternative tree topologies for relationships among the major an-
giosperm clades (Fig. 2). The ML tree (Fig. 2k) was found to be
significantly better than 9 of 10 other trees (Fig. 2 a–i), including
alternative resolutions of Amborella, Nymphaeales, magnoliids,
Chloranthales, eudicots, and monocots. All tested hypotheses of
relationships among these clades were rejected with P  0.05,
except for the topology generated in MP analyses in this study
(Fig. 2j).
Changes in gene and intron content were plotted on the ML
phylogram (Fig. 3). Most angiosperm plastid genomes contain 113
different genes, 16 of which are duplicated in the inverted repeat,
for a total of 129 genes. This repertoire of genes is highly conserved
among the basal lineages with all 62 losses confined to the more
derived monocot and eudicot clades. Intron content is also highly
conserved across angiosperms with most genomes containing 18
genes with introns. Like gene losses, intron losses are restricted to
the more derived monocot and eudicot clades. There is a positive
correlation between the number of base substitutions and indels
(rs 0.808;P 0.001; SI Fig. 5). There is also a positive correlation
between branch lengths and the extent of genomic rearrangements
(i.e., gene and intron losses and number of inversions, rs  0.752,
P  0.001; SI Fig. 6).
Discussion
Identification of the Earliest Diverging Angiosperm Lineage. Resolu-
tion of phylogenetic relationships among the basal clades of extant
angiosperms is essential for addressing many important questions
about the diversification and evolution of flowering plants. Despite
intensive efforts during the past decade, considerable controversy
persists concerning resolution of basal angiosperm relationships
(4–8, 12, 13, 19, 21–25). Our phylogenetic analyses are the first to
provide strong support for the position of Amborella as the sole
sister group of the remaining angiosperms, using both MP and
model-based analyses (Fig. 1). Resolution of this issue is clearly the
result of the addition of both more taxa and more genes. Leebens-
Fig. 2. Eleven alternative tree topologies used to perform the AU test for
placement of Amborella, Nymphaeales, Chloranthales, magnoliids, mono-
cots, and eudicots. (a and b) Modified topologies of the ML tree (k). (c–i)
Topologies are derived from previous phylogenetic studies of angiosperms. (j
and k) MP and ML/BI trees generated in this study.
Fig. 3. ML phylogram showing gene/intron losses and estimated numbers of
inversions in angiosperm plastid genomes. Numbers in parentheses indicate the
estimated number of inversions. The rpl22 gene loss in Gossypium reported by
Lee et al. (72) is not indicated, because this was an annotation error. *, rpoA has
been reported missing from the Pelargonium plastid genome (73); however, a
number of rpoA-like ORFs were identified. In Passiflora, a very divergent, poten-
tial pseudogene of rpoA is present based on the complete genome sequence
(A.K.H., unpublished data). There is expression data that suggest that rpoA may
be functional in Pelargonium (P. Kuhlman and J. D. Palmer, personal communi-
cation), but no expression data are available for Passiflora.
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Mack et al. (5) used 61 genes and 24 genomes, and MP trees placed
Amborella alone sister to the remaining angiosperms, whereas ML
analyses supported theAmborellaNymphaeales basal hypothesis.
The addition of 11 genomes for the same 61 genes (15) resulted in
both MP and ML trees supporting Amborella alone as the first
diverging lineage; however, support was weak in the ML tree, and
SH tests could not reject the hypothesis of Amborella  Nympha-
eales basal. Phylogenetic analyses of sequences of the 81 genes used
here for these same 35 taxa (data not shown) provide strong support
for Amborella as the earliest diverging lineage in both MP and ML
trees, confirming that increasing the number of characters also
contributes to the resolution of this issue. Strong support for the
position of Amborella in the 81-gene, 64-taxon data set, combined
with the rejection of alternative tree topologies (Fig. 2 a and b),
provides convincing evidence that plastid genomic data unequiv-
ocally support Amborella as the sole sister group of the remaining
angiosperms. Expanded sampling of genes and taxa from the
mitochondrial and nuclear genomes is needed to confirm the plastid
data, especially in view of the strong support of the Amborella 
Nymphaeales hypothesis based on phylogenetic analyses of DNA
sequences of three mitochondrial genes (6).
Relationships of Chloranthales, Magnoliids, Ceratophyllaceae, Mono-
cots, and Eudicots. Despite intensive phylogenetic analyses of an-
giosperms, relationships among Chloranthales, magnoliids, Cera-
tophyllaceae, monocots, and eudicots remain especially
controversial. Chloranthales, an ancient, isolated lineage dating
back to the Early Cretaceous (26, 27), has been variously placed
based on morphology and single or multiple gene sequences (Fig.
2 c–i), resulting in lack of an assignment of this order in the most
recent angiosperm phylogeny group classification (3). The position
of this order sister to magnoliids in both ML and BI trees and the
rejection of seven of eight alternative topologies provides the
strongest support so far for the placement of Chloranthales. Fur-
thermore, recent phylogenetic analyses based on 17 plastid genes
and one nuclear gene (PHYC) also provided moderate to strong
support for a sister relationship between Chloranthales and mag-
noliids (9).
Placement of monocots has varied in analyses based on morpho-
logical characters or DNA sequences of single and multiple genes.
Most studies placed monocots sister to either Ceratophyllaceae or
magnoliids (28, 29), but with weak support. Previously, the highest
level of support for a sister relationship between monocots and
magnoliids occurred in a BI tree (PP  0.97) based on four genes
from plastid, nuclear, and mitochondrial genomes (29). In contrast,
our phylogenetic analyses provide very strong support for the
placement of monocots sister to eudicots (Fig. 1), and the AU test
rejects topologies that include a sister relationship between mono-
cots and magnoliids (Fig. 2f). A sister relationship between mono-
cots and eudicots was also strongly supported in a recent phyloge-
netic analysis of DNA sequences of 17 plastid protein-coding genes
and six associated noncoding regions (9), and Ceratophyllaceae
were sister to eudicots with moderate support.
The recent completion of the Ceratophyllum plastid genome
sequence (30) has provided new evidence for its placement among
angiosperms. Phylogenetic analyses of 61 plastid genes for 45 taxa,
using ML place Ceratophyllum sister to eudicots (Fig. 1 and
supporting information figure 5 in ref. 30), although support for this
relationship was only moderate in ML trees (71%). Furthermore,
Moore et al. (30) were unable to reject many alternative topologies
with the AU test (supporting information table 4 in ref. 30). In
collaboration with Moore et al. (30), we addedCeratophyllum to our
64-taxon 81-gene data matrix, and results of both MP and ML
analyses (SI Figs. 7 and 8) are congruent with their 61-gene 45-taxa
data set; however, in the expanded matrix support of the placement
of Ceratophyllum sister to eudicots in ML trees is stronger (82%; SI
Fig. 8), and two thirds of the alternative topologies tested can be
rejected in the AU test (SI Fig. 9).
Resolution of relationships among Amborella, Nymphaeales,
Chloranthales, magnoliids, Ceratophyllaceae, monocots, and eud-
icots has very important implications for angiosperm evolution. The
plastid genome tree provides an improved framework for compar-
ative genomics in angiosperms and emphasizes the importance of
including representatives from all of these clades. Current genomic
sequencing projects only include representatives of the two most
derived sister lineages, monocots and eudicots, but cDNA se-
quences for basal angiosperms are growing rapidly (31). An organ-
ismal context is essential for interpretation of nuclear gene phy-
logenies and the complex gene duplication history that they often
imply. The phylogenetic framework also provides an improved
platform for interpreting character evolution within angiosperms.
The very rapid separation of monocots, eudicots, and magnoliids
appears to have occurred in as few as 10 million years or less (5) and
have given rise to 99% of angiosperms, but few if any morpho-
logical synapomorphies are known to resolve this critical event in
angiosperm history (32).
Relationships of Major Eudicot Clades. Relationships among eudicot
clades have been the focus of numerous phylogenetic studies during
the past 15 years (reviewed in ref. 2). A consensus has been reached
on the placement and circumscription of some clades, and, where
those lineages are included, our results are congruent (Fig. 1), often
with strong support. However, some eudicot relationships are
controversial, and our analyses provide resolution of some of these
outstanding issues.
Placement of Caryophyllales has been controversial, and phylo-
genetic analyses of single or multiple gene sequences have not been
able to resolve their relationship to rosids or asterids (7, 33).
Phylogenetic estimates based on 61 plastid protein-coding genes
supported a sister relationship between Caryophyllales and asterids
(5, 15, 16), although taxon sampling was limited in these studies.
Our analyses with expanded taxon and gene sampling provide
strong support for a sister relationship between asterids and Spi-
nacia, the one member of Caryophyllales available. Expanded
taxon sampling of this clade and other putative relatives is needed
to confirm this relationship.
Relationships of Myrtales and Geraniales represent two of the
remaining unsolved problems regarding deep-level relationships
among rosids (2). They are currently treated as taxa of uncertain
status due to their very inconsistent placement in molecular phy-
logenies based on one to several genes (7, 28, 34–36). Here,
however, both orders are moderately or strongly supported as sister
to the eurosid II clade in our tree based on 81 plastid genes (Fig. 1).
Evolution of Gene and Intron Content in Angiosperms. Gene and
intron content are highly conserved among land plant plastid
genomes, although losses have been identified in several angio-
sperm lineages (37, 38), and, in a few cases, there is evidence that
genes have been transferred to the nucleus (infA, ref. 39; rpl22, ref.
40). Gene loss has been a common pattern throughout plastid
genome evolution, presumably since the initial endosymbiotic event
(41). Here, we have the opportunity to make the most extensive
tree-based survey of the evolution of gene and intron content in
seed plant plastid genomes (Fig. 3). The earliest diverging angio-
sperms include the complete repertoire of 129 genes, including 18
genes with introns. This pattern is conserved among major angio-
sperm clades, including Chloranthales, magnoliids, and the basal
eudicots. Most of the 62 losses, involving 38 different genes and
introns, are restricted to the more derived monocot and eudicot
clades. Thus, it appears that plastid genomes of angiosperms were
very stable during the period when many aspects of morphology,
growth, and anatomy were undergoing extensive change. This
pattern of stasis in gene and intron content of early diverging
angiosperms and bursts of losses in multiple derived lineages
parallels the situation in plant mitochondrial genomes (42).
Thirty genes have been lost from the 64 angiosperm and gym-
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nosperm plastid genomes (Fig. 3). Four gene losses [chlB, chlL,
chlN, and trnP (GGG)] represent synapomorphies for flowering
plants. Three of these genes (chlB, chlL, and chlN) have been lost
independently in two genera of Gnetales, Gnetum (43) and Wel-
witschia (44), but are present in Ephedra (L.A.R., unpublished
data). Among angiosperms, six genes have been lost only once, in
both our sampling and more extensive taxonomic surveys (37). The
remaining 20 gene losses have occurred multiple times; 11 of these
are represented by the loss of all ndh genes in both Pinus (45) and
Phalaenopsis (46). The most common gene loss involves infA, with
11 independent losses in our sample (Fig. 3) and a minimum of 24
independent losses in angiosperms detected in an expanded survey
(39). Also, rps16 has been lost independently four times in our
sample (Fig. 3), and expanded taxon sampling again provides
evidence for more widespread loss of this gene throughout angio-
sperms (37). Likewise, of the eight introns that have been lost, five
(atpF, clpP introns 1 and 2, rpl2, rpoC1, and rps16) have been lost
multiple times. Expanded taxon sampling for intron losses has
identified even more extensive convergent losses for rpl2 (47), rpl16
(37), rpoC1 (48), and rps12 (49). More intensive molecular inves-
tigations will likely reveal many more cases of gene and intron losses
from the plastid genome and, in some cases, evidence for the
transfer of these genes to the nuclear genome.
Correlation of Rates of Nucleotide Substitutions, Gene/Intron Losses,
and Gene Order Changes in Plastid Genomes. Lineage-specific cor-
relations between the numbers of base substitutions, indels, gene/
intron content, and gene order changes were observed among
angiosperm plastid genomes (Fig. 3 and SI Figs. 5 and 6). Elevated
rates of nucleotide substitutions and indel evolution were detected
on the branch leading to grasses (5). Our results confirm this earlier
observation and suggest that lineage-specific rate accelerations may
be a general feature of plastid genome evolution. Furthermore, we
detected a positive correlation between increased substitution rates,
numbers of gene/intron losses, and gene order changes. A similar
phenomenon was documented in animal mitochondrial genomes
(50, 51), but this is, to our knowledge, the first time such a
correlation has been demonstrated in plastid genomes. The mito-
chondrial studies suggested several possible mechanisms to explain
the correlation between increased rates of nucleotide substitution
and genomic rearrangements, including efficiency of DNA repair,
accuracy of DNA replication, metabolic rate, generation time, and
body size. Xu et al. (51) argued that accuracy of DNA replication
is the most likely explanation for increased rates of both nucleotide
substitutions and genomic rearrangements in animal mitochondrial
genomes.
More rigorous comparisons of rates of nucleotide substitutions,
indels, and genomic rearrangements are needed to confirm the
positive correlation between these changes and to explore mecha-
nisms for this phenomenon. One possible explanation for this
correlation may involve plastome mutator genes encoded in the
nucleus. Experimental studies of mutants in Oenothera provided
evidence that mutations in these genes can lead to enhanced rates
of indels and base substitutions (52, 53). Furthermore, mutations of
the Arabidopsis plastid mutator locus caused rearrangements in
mitochondrial genomes (54), although we have no evidence sup-
porting involvement of plastome mutator genes in any angiosperm
lineages with accelerated rates of indels, base substitutions, or
gene order changes. Expanded studies of these lineages, especially
Campanulaceae, Geraniaceae, Goodeniaceae, and Passifloraceae,
are needed to confirm this correlation and to explore possible
mechanisms.
Materials and Methods
Taxon and Gene Sampling. The 64 taxa (SI Table 1) included here
represent most major lineages of angiosperms (sensu APGII, 3),
with three gymnosperms as outgroups. Angiosperm sampling in-
cluded 41 different families from 33 orders. For 51 taxa, complete
plastid genome sequences were available on GenBank, but 13
previously uncharacterized complete or draft genome sequences
are reported here. Initially, DNA sequences of 83 genes were
extracted from each genome, using DOGMA (55). Two of these
genes (ycf1 and accD) were later deleted because of alignment
ambiguities resulting in a matrix of 77 protein-coding genes and four
rRNAs (SI Table 2).
Plastid Isolation, Amplification, and Sequencing. Methods for isolat-
ing plastids and genome sequencing were described in refs. 56 and
57. Detailed protocols are available at www.jgi.doe.gov/sequencing/
protocols/index.html.
Sequence Alignment. DNA sequences (SI Table 1) for 64 taxa were
aligned by using a multiple sequence analysis tool (Z.C. and R.K.J.,
unpublished data). For protein-coding genes nucleotide sequences
were translated into amino acids, aligned in MUSCLE (58) and
manually adjusted. Nucleotide sequences were aligned by con-
straining them to the amino acid sequence alignment. A Nexus file
was generated comprising 76,583 nucleotides (available at the
Chloroplast Genome Database, http://chloroplast.cbio.psu.edu).
Phylogenetic Analyses. We estimated phylogenetic trees on the
nucleotide substitution matrix, using MP (PAUP* software, Ver-
sion 4.10; ref. 59), ML (GARLI software, Version 0.942; ref. 60),
and BI (MrBayes software, Version 3.1.1; ref. 61). MP searches
included 100 random addition replicates and TBR branch swapping
with the Multrees option. Akaike information criterion via Mod-
eltest software, Version 3.7 (62), was used to determine the most
appropriate model for each of the 81 genes and for the full data
matrix (GTRG I). We conducted four independent ML runs
in GARLI, using the automated stopping criterion, terminating the
search when the ln score remained constant for 20,000 consec-
utive generations. Likelihood scores were calculated by using
PAUP*, which better optimizes branch lengths (60). For BI, we
performed two analyses: (i) all genes, GTRG I model; and (ii)
genes partitioned into five different models (SI Table 2). Each run
started with a random tree, default priors, and four Markov chains
with heating values of 0.03, sampled every 100 generations. Analysis
1 ran for 6.3  107 generations, and analysis 2 ran for 8.0  107
generations. Convergence was confirmed by using AWTY graph-
ical analysis (63). Fifty percent of burn-in trees were discarded. The
frequency of inferred relationships was used to estimate PP. MP
nonparametric BS analyses (64) were performed in PAUP with
1,000 replicates with TBR branch swapping, one random addition
replicate, and the Multrees option and BS for ML analyses in
GARLI with 100 replicates, using the automated stopping criterion
set at 10,000 generations.
AU tests (65) conducted in Consel (66) were performed between
the best ML tree and alternative topologies (Fig. 2 and SI Fig. 9) to
evaluate whether likelihoods were significantly different.
Indels were coded by using simple indel coding (SIC, 67) and
modified complex indel coding (MCIC, 68). Indels were included
only when relative gap position in the alignment was entirely
unambiguous. MCIC and SIC yielded similar results; therefore SIC
coding, using SeqState (69), was used for all further analyses and
yielded 1,268 indel characters, 226 of which were parsimony infor-
mative. The parsimony ratchet was used to find shortest trees based
on indels only with 10 random addition runs of 200 ratchet cycles,
using PRAP (70). Bremer support analysis was also performed with
PRAP, using default settings. Bootstrapping was performed in
PAUP (59), using 1,000 replicates, saving the 100 shortest trees per
replicate.
Based on the MP topology inferred with nucleotides, ancestral
indel character states were output for each node, using Mesquite
(71), and parsed with a Perl script (written by K.F.M., available
upon request) to determine the type of state transformations for
each indel character on each branch, and to output data formatted
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for subsequent statistical analysis. Correlations of substitution rates
(estimated from ML tree) with indels and with genome rearrange-
ments were analyzed via Spearman’s rank correlation coefficient
and Spearman’s t test.
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